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Average daily metabolic rate (ADMR) can be divided into three components: BMR; diet-induced energy expenditure; activity-induced energy expenditure (AEE). BMR covers the energetic costs of the processes essential for life. Diet-induced energy expenditure results from the digestion, absorption and conversion of food. AEE is the energy expenditure associated with muscular contractions involved in performing body postures and movements. Under most circumstances, the BMR of an individual accounts for the largest proportion of ADMR and is mainly determined by fat-free body mass. Diet-induced energy expenditure is about 10 % of the ADMR in subjects consuming an average mixed diet that meets energy requirements. AEE is the most variable component of total energy expenditure. Depending on body size and physical fitness, a five-to twentyfold increase in metabolic rate can be sustained for a few minutes, while a healthy young adult can, if necessary, develop five to eight times the BMR over an 8 h working day (Bouchard et al. 1993 ).
In the general population physical activity level (PAL; ADMR/BMR) is between 1·2 and 2·2-2·5 (Westerterp, 1998) . As a percentage of ADMR, AEE varies from 5 in a subject with a minimum PAL of 1·2 to 45-50 in a subject with a PAL of 2·2-2·5 (Fig. 1) . At a PAL value of 1·75, about the average reported for the general population (Schulz & Schoeller, 1994; Black et al. 1996; Westerterp, 1999a) , AEE is one-third of daily energy expenditure. The present paper focuses on activity intensity as a determinant of the size of the AEE component of daily energy expenditure.
The doubly-labelled water method allows accurate measurement of ADMR in unrestricted conditions for periods of 1-3 weeks so that the relationship between activity intensity and daily energy expenditure can be assessed. This data is the basis for the present analysis, which will focus on three topics: (1) body size and physical activity; (2) AEE and age; (3) the effect of exercise on daily energy expenditure and its components.
Methods
Measurement of energy expenditure is done by direct or indirect calorimetry. For measurements over intervals of ≥ 1 week under free-living conditions, the doubly-labelled water technique is the designated method. In this paper evaluation of the impact of vigorous and non-vigorous activity on daily energy expenditure is restricted to studies in which energy expenditure is measured under free-living conditions using doubly-labelled water.
Physical activity is generally measured using questionnaires, heart-rate monitoring and motion sensors. Motion sensors are the most objective technique for the assessment of physical activity, including activity intensity. So far, the tri-axial accelerometer has shown the best results for registering movement in validation studies using doublylabelled water as the standard method (Westerterp, 1999b) . Unfortunately, there have not been many published studies that include physical activity assessment using tri-axial accelerometers.
For the present review additional evidence on the impact of vigorous and non-vigorous activity on daily energy expenditure was derived from intervention studies. Vigorous activity is often restricted or stimulated and relevant examples of restricted vigorous activity are studies in which subjects were observed under sedentary conditions in a respiration chamber and under free-living conditions using doubly-labelled water. Evidence for the effect of vigorous activity on energy expenditure was derived from studies using doubly-labelled water in which observations were conducted before and after participation in exercise training.
The impact of activity on daily energy expenditure can be evaluated from intervention studies, comparing data at different activity levels within the same subject, or by comparison between subjects. The latter requires correction of energy expenditure for differences in body size and body composition. There is no consensus on the way to normalise AEE for differences in body size. A frequently-used method for quantifying physical activity is to express ADMR as a multiple of BMR, PAL = ADMR/BMR (World Health Organization, 1985) . This approach assumes that the variation in ADMR is due to body size and physical activity. The effect of body size on ADMR is corrected for by expressing ADMR as a multiple of BMR. Carpenter et al. (1995) stated that the expression of ADMR as a multiple of BMR for comparison between subjects is precluded by the fact that the nature of the relationship between ADMR and BMR is highly variable between studies and often has a nonzero intercept. They proposed to adjust ADMR for BMR to correct for the effect of body size in a linear regression analysis. An alternative method used in many studies is to adjust AEE for differences in body size by expressing AEE per kg body mass, assuming that energy expenditure associated with physical activity is weight dependent (Schoeller & Jefford, 2002) .
Results

Body size and physical activity
Since the application of the doubly-labelled water method for the measurement of total energy expenditure in human subjects there have been three meta-analyses on the relationship between physical activity and obesity. Schoeller & Fjeld (1991) had previously concluded that obese individuals expend slightly more energy in physical activity than non-obese individuals. Prentice et al. (1996a,b) suggested that, except in extreme obesity, patterns of physical activity are quite similar at different levels of BMI. In a later analysis it was confirmed that the majority of obese subjects are moderately active (Westerterp, 1999a) . Ekelund et al. (2002) compared physical activity-associated energy expenditure as well as body movement in obese (BMI > 30 kg/m 2 ) and matched non-obese adolescents in whom physical activity was measured using doubly-labelled water, simultaneously with body movement measurements using an accelerometer. The obese subjects performed less body movement than the non-obese subjects even though there was no difference in PAL. The period of time (min/d) spent while sedentary and at physical activity of light intensity did not differ significantly between groups. Compared with the control group, the obese adolescents showed significantly (P < 0·05) less accumulated time at physical activity of moderate intensity, corresponding to walking at 4-6 km/h, and the total amount of body movement was significantly lower (P < 0·001) in the obese group.
In an intervention study subjects were trained to run a half-marathon competition after 44 weeks (Westerterp et al. 1992) . The training consisted of four sessions per week, increasing running time from zero to 10-30 min, 20-60 min and 30-90 min per training session after 8, 20 and 40 weeks respectively. Nine of the thirty-two selected subjects (five of the sixteen women and four of the sixteen men) withdrew, being unable to keep up with the training programme. They all dropped out within 20 weeks of the start of the training. Reasons for giving up were 'not enough time to join the training' (n 3), injuries (n 5) and not able to keep up with the training (n 1). All dropouts had a BMI above the group mean of 23 kg/m 2 (Westerterp, 1999a) . Although manifestly-obese subjects were excluded by the selection criteria, most subjects with a BMI > 24 kg/m 2 could not cope with the high-intensity exercise training.
In conclusion, ADMR and non-basal energy expenditure are positively related to body size. Duration and intensity of physical activities do not need to be equivalent to the energy spent on activity. Obese individuals spend more energy on physical activity but can perform fewer activities, especially high-intensity (weight-bearing) activities, because of a higher body weight.
Activity-induced energy expenditure and age
Physical activity declines with age. Black et al. (1996) concluded from an analysis of 574 doubly-labelled water measurements that the PAL for females is fairly constant between 13 and 64 years of age, and lower at younger and older ages. For males physical activity rises to a peak at 18-29 years of age and declines thereafter. Starling et al. (1998) reported a PAL of 1·68 (SD 0·28) in a group of about 100 subjects (69 (SD 8) years), with no significant difference between women and men. reported a PAL of 1·76 (SD 0·20) in 20-34-year-old subjects, 1·79 (SD 0·25) for a group of 35-49-year-old subjects (no difference from that for 20-34-year-old subjects), 1·62 (SD 0·26) for a group of 60-74-year-old subjects (lower than that for 20-34-year-old subjects, P < 0·001), and 1·31 (SD 0·24) for ≥ 75 years (lower than that for 20-34-year-old subjects, P < 0·0001). There seems to be a gradual decline with age, starting at about age 60 years and getting more pronounced after age 80 years. A PAL of 1·67 denotes an AEE of 30 % of the total energy expenditure (Fig. 1) . Thus, on average, subjects of ≥ 65 years spent < 30 % of their daily energy expenditure on physical activity. Subjects of > 80 years generally have an extremely low PAL, well below the level of 1·5 defined for sedentary adults (World Health Organization, 1985) .
A few well-controlled studies have measured the effect of exercise intervention on PAL (Westerterp, 1998) . Exercise intervention did increase the PAL, assessed using doublylabelled water, in four of five studies. The exception was a study involving 56-78-year-old subjects; the other four studies covered an age-range of 10-41 years. The authors suggested that the level of exercise was too vigorous, and thus fatigued the elderly participants for the remainder of the day, resulting in compensation for the training with a reduction in non-training activity (Goran & Poehlman, 1992) . Two later studies of elderly subjects confirmed that there is compensation of the training exercise, with a reduction in non-training activity, at a lower training load. Morio et al. (1998) trained 62·3 (SD 2·3)-year-old subjects and measured non-training activity using 7 d activity records. The PAL remained constant throughout the training period as a result of a compensatory decrease in non-training activity, even though the intensity was lower than that adopted by Goran & Poehlman (1992) . Meijer et al. (1999) observed compensation of moderate-intensity exercise training by a decrease in non-training physical activity in 59 (SD 4)-year-old subjects using a tri-axial accelerometer to register movement. It is intriguing to observe that the PAL of younger subjects was modified with exercise training, while exercise training had no effect in older subjects. To date, well-controlled training studies have been limited to younger subjects in the age range 10-41 years and to subjects > 55 years.
Elderly subjects spent substantially more time on lowintensity activities than young adults , where low-intensity activities are defined as < 3 metabolic equivalents (work metabolic rate/BMR), representing lying, sitting and standing. In the elderly PAL is inversely related to the percentage time spent on low-intensity activities. No significant relationship was observed between PAL and the percentage of time spent on high-intensity activities.
In conclusion, physical activity generally declines gradually from about age 60 years onwards. Most subjects > 80 years have a PAL well below the level defined for sedentary middle-aged adults. Spending relatively more time on low-intensity activities has a negative effect on the mean PAL. Achieving a higher PAL does not necessarily imply high-intensity activities.
The effect of exercise on daily energy expenditure and its components
The AEE of a subject with an average PAL of 1·75 is onethird of the ADMR (Fig. 1) . The question is how AEE as a proportion of ADMR is a function of vigorous activity. Data are reviewed for AEE as measured under sedentary conditions in a respiration chamber, AEE as a function of the proportion of time spent in low-, moderate-and high-intensity activities in daily life and changes in AEE as a function of exercise training. During a stay in a respiration chamber without an exercise protocol, physical activity is limited to low-intensity activities such as lying, sitting and standing, and moderateintensity activities such as walking. Thus, AEE reaches a minimum value for activities of daily living. Table 1 shows data from studies in which sleeping metabolic rate and 24 h energy expenditure were measured in a respiration chamber without an exercise protocol and ADMR was measured in the same subjects under free-living conditions using doublylabelled water. AEE can be calculated as daily energy expenditure minus 10 % for diet-induced energy expenditure and minus sleeping metabolic rate. Thus, AEE for four studies (Westerterp et al. 1991; Schulz et al. 1992; Verboeket-van de Venne et al. 1993; Snitker et al. 2001 ) was respectively 17, 19, 19 and 19 % of the daily energy expenditure in a respiration chamber and 23, 35, 35 and 32 % of the daily energy expenditure in daily life. Mean AEE, expressed as a proportion of daily energy expenditure in the restricted environment of a respiration chamber, was very similar for all four studies with very different subjects. Subjects in the study of Westerterp et al. (1991) were morbidly-obese Caucasians with a BMI of > 40 kg/m 2 . The subjects in the studies of Schulz et al. (1992) and Verboeket- Westerterp et al. 1992; Van Etten et al. 1997; Hunter et al. 2000) measured the effect of exercise training on ADMR, with observations made before and at the end of the training period (Table 2) . PAL before the start of the training was in the normal range, with lower values for the elderly subjects (Goran & Poehlman, 1992; Hunter et al. 2000) than for the younger subjects (Bingham et al. 1989; Blaak et al. 1992; Westerterp et al. 1992; Van Etten et al. 1997) . The effect of an increase in high-intensity activity on PAL was more pronounced in the younger subjects even though the PAL value was higher at baseline. The effect of exercise training on ADMR can be the result of a change in BMR and in AEE. In sedentary subjects exercise training does not influence BMR when body weight is maintained, and the exercise-induced change in AEE is about twice the training load (Westerterp, 1998) . There is an increase in the efficiency, i.e. a decrease in energy expenditure at the same training load, as a result of training. In elderly subjects undergoing an exercise training programme results in an increase in physical activity that is compensated by a decrease in nontraining physical activity (Meijer et al. 1999 ).
In conclusion, in an average subject with a PAL of 1·75, 25 % of the AEE may be attributed to high-intensity activities. The distribution of time spent at activities with low and moderate intensity determines PAL. Exercise training, as a form of high-intensity activity, affects PAL more in younger subjects than in elderly subjects.
Discussion
The studies reviewed included data on activity and energy expenditure in 'normal' healthy subjects, excluding studies in endurance athletes and studies in which energy intake is restricted. In the general population PAL ranges from 1·2 to 2·2-2·5. The upper limit of sustainable metabolic rate is about twice as high in endurance athletes, mainly because of long-term exercise training with simultaneous consumption of food supplements during exercise. Endurance athletes have an increased fat-free mass and can maintain energy balance at a PAL value of 4·0-5·0 (Westerterp, 2001b) . Thus, up to 70 % of daily energy expenditure is spent in AEE (Fig. 1) . Normally, subjects spend on average 1·5 h/d at activities of high intensity (Westerterp, 2001a) , whereas endurance athletes with PAL values of 4·0-5·0, such as in the Tour de France, spend at least 6 h/d (Westerterp et al. 1986) .
There are indications that activity, especially highintensity activity, is limited at a negative energy balance. The addition of exercise to an energy-restricted diet results in little further weight loss. Exercise does not reverse the weight loss-induced reduction in resting metabolic rate, and weight loss is not different for groups undergoing dietary restriction and dietary restriction plus exercise. The latter finding suggests that the direct cost of the exercise training is compensated by a reduction in AEE outside the training sessions. Two studies compared AEE before and after dietary restriction and dietary restriction plus exercise, as measured using doubly-labelled water. Racette et al. (1995) designed diets to promote a weight loss of 1 kg/week by prescribing a diet in the diet-only group while adding the calculated energy costs of the exercise for the diet plus exercise group to create a comparable energy deficit. They observed that in the exercise group ADMR was maintained, while in the diet-only group ADMR decreased. Kempen et al. (1995) provided all subjects with an identical lowenergy formula diet. They observed a comparable decrease in ADMR in the diet-plus-exercise and the diet-only group. ADMR dropped markedly, and to a similar extent, with both treatments, suggesting no net effect of the exercise training on AEE. Explanations for the relatively minor or non-existent effect of adding exercise training to an energyrestricted diet treatment are a low compliance to the exercise prescription and/or a negative effect of exercise training on dietary compliance. The overall conclusion was that the extent of the exercise intervention had only a minor, or no, effect on the activity level of the subjects, and consequently did not result in additional weight loss. Furthermore, there are studies showing the effect of energy restriction per se on physical activity. Velthuis-te Wierik et al. (1995) observed the effect of a moderately-energy-restricted diet on energy metabolism in non-obese men (BMI 24·9 (SD 1·9) kg/m 2 ). For 10 weeks subjects received a diet adjusted to 67 % of their measured ADMR during weight maintenance. The consequent weight loss was 7·4 (SD 1·7) kg and the PAL (ADMR/BMR) decreased from 1·85 (SD 0·37) to 1·65 (SD 0·29; P = 0·06), i.e. there was a tendency for a reduction in physical activity when energy intake was reduced. In the long term a negative energy balance causes a decrease in physical activity, as observed in anorexic women (Bouten et al. 1996) . Subjects with low BMI had lower levels of daily physical activity. They spent less time than subjects with a higher BMI on high-intensity activities such as sports and exercise and more time on low-intensity activities such as standing, lying, or sitting. Thus, in subjects with a lower BMI physical activity decreases as a consequence of malnutrition and declining physical capacity.
